Abstract: We investigated the effects of protein-protein interaction strength on interfacial viscoelastic properties and aggregation of recombinant human interleukin-1 receptor antagonist (rhIL1ra) at silicone oil-water interfaces. Osmotic second virial coefficients determined by static light scattering were used to quantify protein-protein interactions in bulk solution. Attractive proteinprotein interactions dominated at low ionic strengths and their magnitude decreased with increasing ionic strength, in contrast to repulsive interactions that would be expected based on uniformly charged sphere models. Interfacial shear rheometry was used to characterize rhIL-1ra interfacial layers. More attractive protein-protein interactions in bulk solution correlated with stronger interfacial gels. Thioflavin-T fluorescence measurements indicated that the intermolecular b-sheet content of rhIL-1ra incubated in the presence of silicone oil-water interfaces correlated with gel strength. Siliconized syringes were used to probe the effects of mechanical perturbation of the interfacial gel layers. When rhIL-1ra solutions in siliconized glass syringes were subjected to end-over-end rotation, monomeric rhIL-1ra was lost from solution, and particles containing aggregated protein were released into the bulk aqueous phase. The loss of monomeric rhIL-1ra in response to mechanical perturbation was highest under the conditions where the strongest gels were observed. Aggregation of rhIL-1ra was strictly interface-induced and growth of aggregates in the bulk solution was not observed, even in the presence of particles released from silicone oil-water interfaces.
Introduction
Since proteins are only marginally stable, adsorption to interfaces can destabilize them, leading to protein aggregation, both in vitro and in vivo. [1] [2] [3] [4] [5] [6] [7] Protein aggregation in vivo has been linked to many human disorders (e.g., Alzheimer's, Parkinson's, type II diabetes mellitus, and prion disorders). [8] [9] [10] Moreover, in therapeutic applications of proteins and peptides, aggregation can lead to reduced product efficacy or adverse immune responses in patients. 11, 12 Aggregate assembly occurs as a result of attractive intermolecular interactions between proteins. 1, [13] [14] [15] [16] [17] Thus, protein aggregation in solution can often be mitigated by adjusting formulation conditions to control protein-protein interactions (PPI), the magnitude of which can be characterized using techniques such as static and dynamic light scattering. 13, [18] [19] [20] On the other hand, PPI between protein molecules adsorbed at interfaces currently cannot be measured directly. Moreover, many studies fail to isolate interface-induced aggregate formation from aggregation processes occurring in bulk solution, potentially obscuring the mechanisms for interfaceinduced aggregation. 21, 22 Here, we specifically examine aggregation due to interfacial protein adsorption, independently from aggregation in the vicinal bulk solution. Protein solutions are often described as colloidal dispersions whose kinetic stability results primarily from repulsive long-range electrical double-layer forces that shield attractive van der Waals forces according to the classical Derjaguin-Landau-VerweyOverbeek (DLVO) theory of interparticle interactions. 13, 23 However, a more sophisticated view that accounts for the structural and functional anisotropy of protein molecules suggests that PPI can be dominated by contributions from a relatively small number of specific protein-protein configurations (e.g., due to charge heterogeneity or structural anisotropy). 24 Here, we study the interfacial adsorption and gelation behavior of a model protein whose PPI are dominated by such specific interactions. Importantly, this protein exhibits specific PPI that have the opposite dependence on ionic strength compared to predictions based on uniformly charged sphere models, allowing us to distinguish the role of specific PPI from electrostatic double-layer repulsive forces in the context of interface-mediated aggregation. Protein molecules may unfold, aggregate, and form viscoelastic interfacial gel layers when they adsorb to interfaces. 25 These interfacial gels may be stabilized through protein-protein intermolecular interactions such as disulfide bridging or hydrogen bonding. 26 The properties of protein gels at airwater and oil-water interfaces can be influenced by formulation conditions, such as pH or ionic strength. [27] [28] [29] [30] The pH and ionic strength dependence of these interfacial viscoelastic properties are often rationalized in the context of models describing uniformly charged spheres. For example, Tang et al. 29 suggested that weaker repulsive interactions due to charge shielding could explain their observation that stronger gels of silk fibroin were formed at silicone oil-water interfaces. However, it can be difficult to differentiate interactions arising from double-layer repulsive electrostatic forces from specific protein interactions such as dipole-dipole, p-interactions, and salt bridges. 27, 29, 31 When a protein gel layer at an interface is mechanically disrupted (e.g., during shipping and handling of pharmaceutical formulations), pieces of the interfacial gel may detach and be transported into the bulk solution as particles. [32] [33] [34] Liu et al. 30 found a link between the formation of strong interfacial gels and increased interface-induced aggregation for keratinocyte growth factor-2 at air-water interfaces. However, the underlying causes for these connections are not completely understood. We hypothesize that particle formation arising from interface-induced aggregation can be reduced by modulating PPI to weaken the viscoelastic properties of interfacial gel layers. Silicone oil-water interfaces, typically found in glass prefilled syringes (PFS), are a pharmaceuticallyrelevant environment where proteins adsorb and aggregate. The inner walls of syringe barrels are typically coated with a layer of silicone oil (linear polydimethylsiloxane) to ensure smooth movement of the syringe plunger. 35, 36 PFS serve as both delivery devices and storage containers, exposing proteins to silicone oil-water interfaces within the syringes for the entire 18-24 months shelf-lives of therapeutic proteins. This is a problem as protein adsorption to silicone oil-water interfaces contributes to the formation of particles that may be shed from interfaces into bulk solutions, leading to product recalls or adverse immunogenicity if particles are injected into patients. 11, 12, 37, 38 The model protein used in this study, recombinant human interleukin-1 receptor antagonist (rhIL1ra), a 17 kDa cytokine inhibitor, is marketed in silicone oil-lubricated PFS. 39 PPI for rhIL-1ra become less attractive as the ionic strength of the bulk solution increases, even under conditions where the net protein charge is expected, based on electrical double-layer theory, to yield repulsive interactions that weaken at higher ionic strengths. Thus, both the sign and magnitude of PPI for rhIL-1ra are dominated by orientation-specific attractive electrostatic forces, which have been suggested to include cationp interactions. 40, 41 Here, we exploited the dominance of these PPI over electrostatic double-layer repulsive forces to determine how PPI interactions affect rhIL-1ra viscoelastic properties at the silicone oilwater interface. In particular, we correlated interfacial viscoelastic properties determined using interfacial shear rheometry with bulk PPI interactions, which were measured by static light scattering. To investigate quaternary protein structural changes associated with interfacial gel formation, thioflavin-T (ThT) was used as a marker of extensively ordered b-sheet structures. Finally, rhIL-1ra solutions in PFS were agitated to create interfacial mechanical stress, and monomer loss was measured by size exclusion high performance liquid chromatography (SE-HPLC) to determine the relationship between interfacial gel formation and aggregation in solution.
Results

Protein-protein interactions in bulk solution
rhIL-1ra PPI in bulk solution as a function of NaCl concentration were determined using static light scattering. Debye plots ( Fig. 1 
rhIL-1ra adsorption to silicone oil-water interfaces
To determine whether ionic strength affected protein-silicone oil interactions, the values of protein surface coverage at the silicone oil-water interface were measured and used to estimate the free energy change of adsorption (DG ads ). Figure 2 shows the surface coverage of rhIL-1ra at the silicone oil-water interface as a function of protein concentration remaining in solution at the lowest and highest ionic strengths employed. The surface coverage increased rapidly as bulk protein concentration increased from 0 to 0.2 mg mL 21 and plateaued when the protein concentration in solution reached 1 mg mL 21 , indicating surface saturation. This behavior is conventionally parametrized using a Langmuir isotherm, although not all the assumptions of this simplistic model are met due to the complexity of protein adsorption to silicone oil-water interfaces. 3 Nevertheless, data were successfully described using the two parameters for the Langmuir model, namely the monolayer surface coverage, h, and the apparent equilibrium constant, K eq . 42 The saturated coverage, h, for both ionic strengths was 3.0 6 0.3 mg m 22 .
This value was consistent with the theoretical monolayer coverage of 2.9 mg m 22 , calculated using hexagonal packing for disks (packing efficiency 5 0.91) and a characteristic radius r H 5 1.7 nm. 43 Values for the apparent free energy change of adsorption were calculated using the relationship DG ads 52 RTln K eq and were 220.1 6 0.8 kJ mol 21 and 220.2 6 1.1 kJ mol 21 for 60 and 800 mM NaCl solutions, respectively. Interestingly, the values of DG ads and of surface coverage between the lowest and highest ionic strength conditions were within experimental error, suggesting that interfacial protein-silicone oil interactions were essentially independent of ionic strength. This experiment was repeated at longer incubation times (9 and 24 h) to test whether the surface coverage changed as a function of time. No changes in rhIL-1ra surface coverage were observed after 9 and 24 h of incubation in a silicone oil emulsion (data shown in Fig. S6 , Supporting Information), suggesting that no additional protein layers Figure 1 . Debye plot showing normalized light scattering intensity at 908 as a function of rhIL-1ra concentration in 10 mM MES pH 6.5 and 60 mM NaCl (black diamonds), 150 mM NaCl (dark gray diamonds), 500 mM NaCl (light gray diamonds), and 800 mM NaCl (white diamonds). Error bars represent standard deviations of triplicate samples. The straight lines represent linear least square fits. Figure 2 . rhIL-1ra surface coverage on silicone oil droplets as a function of final protein solution concentration in 10 mM MES pH 6.5 (A) 60 mM NaCl and (B) 800 mM NaCl. Each data point is an average of three replicates. The data are parametrized using a Langmuir isotherm model (solid line), which consists of two adjustable parameters: the adsorption equilibrium constant, K eq and the monolayer surface coverage h. In 60 mM NaCl, K eq 5 3500 6 1200 and h 5 3.0 6 0.3 mg m 22 and in 800 mM NaCl, K eq 5 3700 6 1600 and h 5 3.0 6 0.3 mg m
22
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formed at the silicone oil-water interface during the incubation times used in this study.
Interfacial shear rheology
PPI for rhIL-1ra in bulk solution were sensitive to buffer ionic strength, but the interfacial protein coverage was insensitive to ionic strength. This allowed us to explore the effects of PPI on the properties of the interfacial protein layer at constant surface coverage. Interfacial shear moduli at various ionic strengths are shown in Figure 3 Figure 3 . 44 The values of the gelation times are shown in Table I . The gelation time in 800 mM NaCl was lower than at the other three NaCl concentrations. However, this value was associated with a large uncertainty due to the fact that G 0 and G 00 remained equal, within experimental uncertainty, for a relatively long time interval, making the precise gelation point difficult to distinguish for this particular salt concentration. After surpassing the loss modulus, the storage modulus continued to increase and eventually plateaued after 9 h. The mechanical strength of the interfacial gels, summarized in Table I , was obtained by averaging G 0 values for the last 3 h of each experiment, from 11 to 14 h. As shown in Table I , as ionic strength of the solution was decreased, stronger interfacial gels were formed.
ThT fluorescence of incubated rhIL-1ra
The addition of tris(2-carboxyethyl)phosphine (TCEP) had no effect on gelation time or strengths (data not shown), indicating that gel formation was not due to the formation of disulfide bonds between rhIL-1ra monomers. Instead, we speculated that a physical gel was formed through noncovalent interactions. 26 Because intermolecular b-sheet formation has been linked to protein aggregation behavior at various interfaces, we probed for the possible formation of intermolecular b-sheet during gel formation using ThT. 45, 46 ThT is a commonly used dye for detecting the presence of extensively ordered b-sheet structures. A representative emission spectrum for rhIL-1ra incubated with silicone oil for 24 h (Fig. 4) shows a marked increase in fluorescence emission intensity at 480 nm upon the addition of ThT, indicating the formation of ordered intermolecular bsheets upon incubation. Figure 4 also shows that in the absence of silicone oil-water interfaces, no fluorescence increase was detected upon the addition of ThT, indicating the absence of aggregates containing ordered b-sheet structures when silicone oil-water interfaces were absent. 
rhIL-1ra in 60 mM NaCl 5.4 6 0.8 5.5 6 0.6 0.9 6 0.2 rhIL-1ra in 150 mM NaCl 5.3 6 1.2 4.2 6 0.5 0.9 6 0.1 rhIL-1ra in 500 mM NaCl 5.2 6 0.7 2.4 6 0.9 1.0 6 0.1 rhIL1-ra in 800 mM NaCl 1.3 6 1.4 1.6 6 0.1 0.6 6 0.1
After incubating rhIL-1ra for 1 h with a silicone emulsion (SOE), a slight increase of 15% in ThT fluorescence intensity occurred at all four ionic strengths (Fig. 5) . After 4 h of incubation of rhIL1ra solutions with a SOE, samples that contained 60 mM NaCl showed a 90% increase in ThT emission fluorescence, but increases were insignificant for all other salt concentration tested. After 12 h of incubation, ThT emission fluorescence prominently increased for rhIL-1ra incubated in both 60 and 150 mM NaCl. ThT fluorescence increased slightly for samples incubated in 500 mM NaCl whereas no significant increase in ThT emission fluorescence was observed for samples incubated in 800 mM NaCl. Finally, after 24 h, only rhIL-1ra incubated in 60 mM NaCl showed a significant increase in ThT emission fluorescence compared to fluorescence measured after 12 h of incubation. The results of this ThT fluorescence study indicated that relatively little ordered intermolecular b-sheet structures formed when rhIL-1ra was incubated with a SOE on time scales consistent with the formation of gels (ca. 5.3 h) and that adding ThT to rhIL-1ra incubated at the lowest ionic strength for 24 h had the greatest emission fluorescence increase.
rhIL-1ra incubation in syringes
Losses of rhIL-1ra monomer from solution were observed when syringes were rotated end-over-end in the presence of a silicone oil-water interface (Fig.  6 ). The greatest amount of rhIL-1ra monomer loss occurred in solutions at the lowest NaCl concentration, 60 mM NaCl, in rotated siliconized syringes, where up to 15% monomer loss occurred after 21 days [ Fig. 6(A) ]. As ionic strength increased, protein monomer loss decreased, and at the highest ionic strength, 800 mM NaCl, less than 4% monomer was lost. Moreover, monomer loss in siliconized syringes increased steadily over time, where the greatest monomer loss occurred after three weeks of incubation. Incubation studies in unsiliconized syringes were performed as a control to isolate the effect of silicone oil on rhIL-1ra stability [ Fig. 6(B) ]. Monomer loss increased slightly over time in syringes, which were rotated with up to 3% monomer loss after 21 days of incubation in 60, 150, and 500 mM NaCl. No monomer loss was seen for rhIL-1ra incubated in solutions containing 800 mM NaCl. Without mechanical interfacial perturbation, the amount of monomer loss remained below 4% and 2.5% in siliconized and unsiliconized syringes, respectively ( Fig. S1 , Supporting Information).
To determine whether loss of monomeric rhIL1ra was a result of an aggregation phenomenon occurring in the bulk solution or at the interface, siliconized syringes containing rhIL-1ra were rotated for 14 days. They were then removed from the rotation apparatus and incubated quiescently at room temperature for an additional 7 days. Monomer loss did not continue to increase after syringes were removed from the rotation apparatus (Fig. 7) . This result implies that protein aggregates were formed solely at the interface and that aggregates, once transported to the bulk, did not induce further monomer loss in bulk solution. the spectrum before the addition of 120 lM ThT in 60 mM NaCl 10 mM MES pH 6.5 in the presence of silicone oil, and dashed black line after 120 lM ThT has been added. Dotted black line shows the spectrum after addition of 120 lM ThT in 60 mM NaCl 10 mM MES pH 6.5 without any silicone oil present, and dotted gray line shows the spectrum after addition of 120 lM ThT in 800 mM NaCl 10 mM MES pH 6.5, without any silicone oil. Error bars from three independent experiments for each spectrum are not shown for clarity. Figure 5 . Time-dependent measure of the extent of ordered intermolecular b-sheet formation: fluorescence emission intensity increase upon addition of ThT in the presence of 1 mg mL 21 rhIL-1ra in a SOE in 60 mM NaCl (black), 150 mM NaCl (dark gray), 500 mM NaCl (light gray), and 800 mM NaCl (white), in 10 mM MES, pH 6.5. Error bars are standard error from ANOVA analyses of three or more samples.
Microflow imaging of subvisible particles
Although we observed as much as 15% loss of monomeric rhIL-1ra after mechanical perturbation of silicone oil-water interfaces, no soluble aggregates were detected by SE-HPLC. In contrast, flow microscopy, which reliably detects particles 2 mm in diameter, showed large numbers of aggregate particles. Representative images of particles formed after 21 days of incubation in 500 mM NaCl, 10 mM MES, pH 6.5 are shown in Figure 8 . Images of silicone oil droplets have a spherical shape due to their liquid nature and immiscibility with aqueous buffer. Larger droplets also have a characteristic bright spot in the center due to the refraction of light. 47 In contrast, protein particles are irregular in shape and many have a translucent center.
Discussion
DLVO theory predicts that electrostatic double-layer forces between charged protein molecules, modeled as colloids, make repulsive contributions to B 22 . These repulsive contributions diminish with increasing ionic strength due to screening effects. Other interactions not described by this simple chargedcolloidal model, such as cation-p interactions, can also play a role in modulating PPI in bulk solution. 40, 48 For example, attractive intermolecular forces, such as cation-p interactions, have been suggested as a factor for rhIL-1ra aggregation in bulk solution at increased temperatures. 40, 49 In contrast to screening effects on repulsive electrostatic interactions described in DLVO theory, screening causes cation-p interactions to become less attractive at higher ionic strengths. Thus, increasing anion concentrations in bulk solution decreased rhIL-1ra's tendency for self-association and resulted in reduced rate of aggregation in bulk aqueous solution upon incubation at increased temperatures. 40, 50 B 22 values for rhIL-1ra measured as a function of ionic strength confirm this behavior, where interactions at lower ionic strength are attractive and decrease in magnitude at higher ionic strength. The ionic strength effect on B 22 values for rhIL-1ra can thus be explained in terms of these cation-p interactions, although other attractive forces, of electrostatic nature, could also be relevant. PPI in bulk solutions have been wellcharacterized, resulting in effective formulation strategies to mitigate solution-phase aggregation. In contrast, strategies to prevent aggregation at interfaces are lacking, in part due to difficulties in measuring interfacial PPI. We hypothesized that the extent of interfacial aggregation may be controlled by intermolecular interfacial PPI and that the same types of interactions are present at interfaces as in bulk solution, albeit at different relative magnitudes. At the interface, adsorbed proteins, at sufficiently high concentrations to reach a Figure 6 . Percent monomer loss from a solution containing 1 mg mL 21 rhIL-1ra incubated for 21 days in rotating (0.05 Hz) syringes, in 10 mM MES pH 6.5 and 60 mM NaCl (black diamonds), 150 mM NaCl (dark gray diamonds), 500 mM NaCl (light gray diamonds), and 800 mM NaCl (white diamonds) in (A) siliconized syringes and (B) unsiliconized syringes. rhIL-1ra incubated in siliconized syringes in 10 mM MES pH 6.5 and 60 mM NaCl (black), 150 mM NaCl (dark gray), 500 mM NaCl (light gray), and 800 mM NaCl (white). Diamonds represent samples that were incubated with rotation at 0.05 Hz. Rotation was stopped after 14 days (dotted line) and syringes were left to incubate quiescently, where squares represent measurements taken from quiescently incubated samples. Error bars are standard deviations of triplicate samples.
monolayer coverage, are tightly packed and their orientational freedom is reduced. 24, 51 Therefore, orientationspecific interactions of rhIL-1ra, such as cation-p interactions, may be enhanced in adsorbed protein layers, dominating over long-range electrical double-layer repulsive interactions at the interface. In previous work, the extent of interfacial aggregation was correlated to interfacial viscoelastic properties, where stronger gels led to increased protein aggregation. 30 However, the underlying reasons were not completely clear. In addition, the interfacial viscoelastic properties of adsorbed proteins have been measured as a function of pH, ionic strength, and interfacial packing, but were often explained in terms of simple colloid models described by electrical doublelayer theory, which could not be separated from other types of protein interactions which arose from structural or charge anisotropy. 27, 29, 30 Due to the unique nature of PPI for rhIL-1ra in bulk solution, we proposed to distinguish the role of specific PPI from electrostatic repulsive double-layer interactions in the context of interface-mediated aggregation.
Attractive electrostatic PPI at the silicone oil-water interface contribute to interfacial gel strength
As shown in Figure 9 , the viscoelastic properties of rhIL-1ra at the silicone oil-water interface (e.g., interfacial gel strength) were strongly correlated with the magnitude of PPI in solution (e.g., B 22 /B HS -1 values), with the most attractive intermolecular interactions correlating with the strongest interfacial gels. Importantly, we demonstrated that this was not associated with changes in rhIL-1ra surface affinity or coverage, since these properties were independent of ionic strength. This strong empirical correlation between bulk interaction strength and interfacial gel strength suggested that the same types of PPI measured in the bulk solution (e.g., cation-p interactions 40, 41 ) may also drive increased interactions between adsorbed proteins, leading to stronger interfacial gels. The trend observed between interfacial gel strength and ionic strength was quite distinct from observations for other proteins, in which stronger gels were formed at higher ionic strengths and were explained through the screening of double-layer repulsive forces, although PPI were not measured. [27] [28] [29] Electrostatic charge screening arises from the addition of ions in solution, which shield double-layer repulsive forces described by DLVO theory. 23 These forces exponentially decay with the intermolecular distance between two charged particles in solution. They are relatively long-range compared to other intermolecular forces and are expected to dominate in bulk solution at pH away from the pI, at low ionic strength. For an interfacial gel protein layer however, these double-layer repulsive forces might not dominate PPI because the separation between proteins is smaller than characteristic Debye screening lengths. Instead, other interactions, potentially masked in bulk solution by long-range electrostatic doublelayer forces, may dominate in interfacial layers. Indeed, interfacial gels of rhIL-1ra were strongest at lower ionic strengths where more attractive electrostatic interactions were measured in bulk solution.
The formation of interfacial gels requires an interconnected network of protein molecules, connected at multiple points, that spans macroscopic distances. For our magnetic rod interfacial rheometer, this distance must be at least the characteristic channel half-width (0.5 cm). Thus, the creation of interfacial gels cannot be ascribed to simple monomer-monomer interactions between protein molecules. b-sheet structures in proteins adsorbed to interfaces often correlate with the extent of interfacial aggregation and ultimately may lead to the formation of viscoelastic films. 45, 46 The relative amount of extensively ordered b-sheet structures formed was probed by ThT fluorescence and was highly correlated with interfacial gel strength, with samples that exhibited higher intermolecular b-sheet content yielding stronger gels. This observation implied that increasing protein cross-linking, through the formation of ordered intermolecular b-sheet structures, contributed to the strength of interfacial gels. These noncovalent bonds also presumably stabilized interfacial aggregates (even upon removal via mechanical stress). More attractive protein interactions at low ionic strength likely favored more cross-linking by ordered intermolecular b-sheet and further interfacial aggregation. Because of close proximity and restricted rotation at the interface, localized attractive interactions could have thus become particularly important and helped favor intermolecular bsheet structures. Gelation times (on the order of 5 h) were much greater than times needed for equilibrium adsorption to be achieved (i.e., a few minutes) 52 and increased gel strength could not be attributed to continued adsorption of rhIL-1ra to the interface, since only monolayer coverages of rhIL-1ra were observed. Instead, we surmise that rate-limiting structural or orientational rearrangements within the protein layer are necessary for organized b-sheet structures to supply the multi-point attachments needed to form macroscopic gels, 53 and that more attractive intermolecular forces favor the formation of stronger interfacial gels with more b-sheet content. Indeed, the slow gelation times of 5 h were reflected in the b-sheet formation kinetics of rhIL-1ra in the presence of a SOE, where very little organized b-sheet content was observed prior to 5 h incubation times.
rhIL-1ra monomer loss in syringes
Proteins that are formulated in silicone oillubricated syringes are exposed not only to silicone oil-water interfaces but also to air-water interfaces as a result of air bubbles being introduced during syringe filling and stoppering processes. The synergistic effects of silicone oil-water interfaces, airwater interfaces, and agitation (which causes interfacial motion) generate protein particles that remove gelled protein aggregates from silicone oil-water interfaces and transport them into the bulk. 37 In the experiments reported here, we mimicked the disruption of the gelled protein layer that occurs without introducing an air-water interface (i.e., an air bubble), which would have introduced more complexity to the system. To do so, we added two siliconized glass beads that mechanically disrupted protein gels at the silicone oil-water interface as they moved up and down the syringe during rotation. This method has been shown previously to increase the amount of particles generated in syringes, while isolating the effect of the silicone oil-water interface from the air-water interface. 37 Up to 15% of the rhIL-1ra monomers were lost from the bulk solution after three weeks of end-over end rotation in siliconized syringes. Protein loss could not be ascribed solely to adsorption to interfaces as only 0.3% of the total amount of rhIL-1ra in syringes was absorbed at any given time. Nor could losses be attributed to aggregation caused by bulk shear forces associated with the movement of the beads along the walls of the syringe, as only marginal differences in monomer loss were observed between rhIL-1ra formulations in unsiliconized syringes that were rotated and those that were incubated quiescently. Instead, our combined results show that monomer loss occurred due to aggregation at the silicone oil-water interface, and a greater loss ensued during agitation because this interface was periodically renewed during interfacial mechanical stress caused by the movement of siliconized glass beads. This claim was further supported by the absence of soluble aggregates detected by SE-HPLC, which implied that aggregate formation by nucleation then growth through monomer addition in the bulk phase was unlikely. Additionally, images recorded with microflow imaging microscopy revealed agglomerates of aggregated protein and silicone oil droplets, consistent with a mechanism of interfacial aggregates being sheared off the interface.
Aggregates formed at the interface and transported into the bulk solution are not always colloidally stable, so aggregates released into the bulk solution could potentially undergo further aggregation. 15 On the other hand, aggregates could form solely at the interface and upon interfacial mechanical stress (i.e., as applied by the moving glass beads) leach into the bulk without further destabilizing monomers in solution. 21, 32, 33, 37 To determine which scenario occurred in this study, we stopped the rotation of siliconized syringes containing rhIL-1ra after 14 days of incubation. would be expected to correlate with both increased frequency and increased lifetimes of monomermonomer collisions, the free energy of unfolding provides an energy barrier that over our experimental timescales prevents these collisions from resulting in significant irreversible aggregation. Such an energetic barrier might also explain the negligible growth of aggregates by monomer addition in the bulk solution. In contrast to rhIL-1ra's stability against aggregation in the bulk solution, for protein adsorbed at the interface, the very high local concentrations of protein lead to a proximity effect that, combined with conformational destabilization, result in the observed surface aggregation.
Greater rhIL-1ra monomer loss in siliconized syringes correlates with stronger interfacial gels
Interface-induced rhIL-1ra aggregation in PFS that were agitated via the movement of internal glass beads correlated with stronger interfacial viscoelastic protein gels (Fig. 9) . We suggest that shear forces caused by the movement of beads in siliconized PFS resulted in the detachment of interfacial gel fragments into the bulk solution, where they were detected as aggregates. Even though beads went up and down rapidly with respect to gel formation time, the contact area between a passing bead and cylinder walls was small and only removed a fraction of the surface gel per pass-providing sufficient time for the renewal of interfacial gels prior to the next exposure to mechanical stress from a passing bead. Stronger gels had a higher degree of ordered intermolecular b-sheet cross-linking. Therefore, molecules within the pieces of these stronger gels were more likely to remain aggregated after the shear forces stripped the gels from the silicone oil-water interface. In solutions with higher solution ionic strength, fewer multi-point attachments were created, so interfacial viscoelastic protein gels were weaker and led to lower levels of irreversibly aggregated protein molecules.
Conclusions
Earlier analyses of colloidal stability of proteins focused on electrostatic protein-protein interactions based on DLVO theory, where increasing ionic strength is expected to increase the screening of protein charges, thereby decreasing the strength of repulsive electrostatic interactions. 13 However, other electrostatic forces such as orientation-specific electrostatic attractive interactions can play an important role in contributing to interface-induced protein aggregation. Optimal stability against protein aggregation may therefore not occur in formulation buffers at the lowest ionic strengths. Consequently, taking into account the nature of PPI at interfaces should be an important step towards the development of aggregation control strategies.
Materials and Methods
Materials rhIL-1ra (pI 5 5.3) was manufactured and purified at Amgen. The stock formulation contained 150 mg mL 21 protein in citrate buffered saline: 10 mM sodium citrate buffer pH 6.5, 140 mM sodium chloride and 0.5 mM ethylenediaminetetraacetic acid (EDTA). rhIL-1ra was stored at 2808C until needed. Nano-stripV R solution was obtained from VWR (Radnor, PA) (caution: Nano-stripV R should be handled with extreme caution; do not store in a closed container). Low viscosity polydimethylsiloxane (PDMS) (5 cSt at 258C) used for interfacial rheology studies was purchased from Sigma-Aldrich (St. Louis, MO). Pierce bicinchoninic acid (BCA) assay kit, used to measure protein concentration, was purchased from Sigma-Aldrich. PDMS (Dow Corning 360, 1000 cSt) used for making silicone oil in water emulsions, as well as for the siliconization of the syringes was of medical grade and purchased from Nexeo Solutions (Denver, CO). The syringes used in the incubation studies were BD Hypak SCF 27G1/2 (BD MedicalPharmaceutical Systems, Franklin Lakes, NJ). Solutions of 60-800 mM NaCl were buffered at pH 6.5 with 10 mM MES and contained an additional 0.05 g L 21 sodium azide to prevent bacterial growth. All buffer salts were purchased from Sigma or Fisher Scientific and were of reagent grade or higher quality. Buffers were prepared using ultrapure water (Elga PURELAB flex, Woodridge, IL) and filtered with 0.2 mm nitrocellulose membrane filters.
Dialysis and sample preparation
Dialysis for buffer exchange from the stock formulation was performed against excess solution overnight using Pierce 3500 MWCO Slide-A-Lyzer dialysis cassettes (ThermoFisher Scientific, Waltham, MA). The dialyzed protein was then filtered with 0.1 lm Anotop10 Whatman inorganic syringe filters (General Electric, Boston, MA) before dilution. After dialysis, the protein was diluted to the desired concentrations using the appropriate buffer. Protein concentrations were measured using a Nanodrop 2000 (ThermoFisher Scientific) with an extinction coefficient of 0.77 L g 21 cm 21 . 55 The purity of rhIL-1ra stock was verified (99% monomer) using SE-HPLC after dialysis. Near-ultraviolent circular dichroism (UV-CD) was used to verify the structural integrity of rhIL1ra as a function of ionic strength. Near UV-CD method and results are shown in Figure S3 , Supporting Information, as no changes in protein tertiary structure were observed as a function of ionic strength.
Static light scattering
A Brookhaven light-scattering system (Brookhaven Instruments, Holtsville, NY) was used to measure the osmotic second virial coefficient, B 22 . Dialyzed and 0.1 mm filtered stock of rhIL-1ra samples were diluted to protein concentrations ranging from 1.0 to 7.0 mg mL 21 using 0.02 mm filtered buffer at designated ionic strengths. The protein concentrations were checked by UV-vis at 280 nm. The refractive index increment of the protein-solvent pair (0.185 mL g 21 ) was measured for rhIL-1ra at 60 mM and assumed to be constant for the range of ionic strengths studied. 56 The scattering intensity was measured at 908 with a 2 mm pinhole and a mini L-30 compact diode 637 nm laser at 296 K for triplicate samples at each protein concentration. Disturbances due to dust were minimized by using a builtin statistical dust rejection function. The scattering intensity of the buffer was also measured and subtracted from that of the samples. The excess Rayleigh ratios (R 908 ) of the samples were then obtained using pure benzene as a calibration standard. B 22 values at each ionic strength were calculated using the relationship: 57, 58 Kc R 90
where K is the optical constant, M is the protein molecular weight, and c is the rhIL-1ra concentration obtained by UV-vis. B 22 values were normalized by the theoretical value of the hard-sphere second virial coefficient B HS , which is given by:
where r is the rhIL-1ra radius (r H 5 1.7 nm measured using dynamic light scattering 49 ) and N A is the Avogadro's number. Preparation and characterization of SOE SOE were prepared in water as previously described using a Emulsiflex C5 high-pressure homogenizer (Avestin, Ottawa, Ontario, Canada). 60 During the emulsification process, the majority of the silicone oil collected on the walls of the emulsifier leaving a final emulsion which contained 1% (w/v) silicone oil. The SOE was stored for a minimum of 4 days at 48C prior to use and was assumed to be stable for 3 weeks, as per previous observations in our lab. 60 Liquid-liquid extraction and subsequent Fourier Transform Infrared Spectroscopy (FTIR) analysis were used to determine the concentration of silicone oil present in the SOE. This technique was previously described in Ludwig et al. 60 The area under the curve of known silicone oil concentrations standards measured by ATR-FTIR (Thermo Nicolet 6700 FTIR, Waltham, MA) were used to determine the concentration of silicone oil in the SOE (Fig. S4 , Supporting Information). The final concentration of silicone oil was 8.1 6 0.6 mg mL 21 . Silicone oil droplet size distributions were then measured using a Beckman Coulter LS230 (Fullerton, CA) using the value of 1.4046 for the refractive index of the silicone oil. 61 The silicone oil surface area in the SOE was calculated using both the silicone oil droplet size distribution (Fig. S5 , Supporting Information) and the silicone oil concentration, measured by FTIR. The surface area of silicone oil per volume of emulsion was 433 6 40 cm 2 mL 21 .
Determination of protein surface coverage
The amount of rhIL-1ra adsorbed to the silicone oilwater interface was determined using a modification of the bulk depletion method described in Gerhardt et al. 62 where a BCA assay was used instead of a Bradford assay for measuring protein concentration. Briefly, aliquots of dialyzed rhIL-1ra were mixed with a SOE at 60 and 800 mM NaCl, in 10 mM MES at pH 6.5. The samples were incubated for 1 h and were then centrifuged to separate the silicone oil phase from the aqueous phase. No pellets were observed, and the subnatant was collected for analysis. To determine the protein concentration remaining in bulk solution after protein adsorption to the silicone oil-water interface, a BCA assay was performed on the extracted subnatant. Following the manufacturer's instructions, standard curves were generated using rhIL-1ra at known concentrations. Equal volume of BCA reagent was added to rhIL-1ra samples prior to incubation at 608C for 1 h. The absorbance was measured at room temperature at 562 nm using a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA). Protein loss due to adsorption to the silicone oil-water interface was determined using mass balance by subtracting the amount of protein remaining in the bulk from the original amount added. Surface coverage was determined by dividing the concentration of protein adsorbed by the surface area per volume of SOE.
To determine whether adsorption increased over time, rhIL-1ra was also incubated for 5 and 24 h following the same procedure as described above. Small pellets were observed for both incubation times after centrifugation and were resuspended in the subnatant prior to protein concentration analysis by BCA assay.
Interfacial shear rheology
To study gelation of rhIL-1ra at the silicone oilwater interface, a custom-built interfacial shear rheometer was used as previously described. 28, 52, 63 40 mL of buffer solution was placed in a rectangular glass container (14.5 3 3 cm). A magnetic rod (diameter 3 length 5 0.06 3 2.54 cm 2 ), with anodized black and white stripes was inserted in the middle of a 2.6 cm polytetrafluoroethylene (PTFE) tube and then sealed with paraffin wax. The magnetic rod assembly was aligned in the middle of a glass channel (width of 1 cm) and a 5 mL aliquot of 5 cSt silicone oil was layered on top to cover the entire area of the solution in the glass channel. Sinusoidal oscillatory forces were applied on the rod by electromagnetic coils placed on both ends of the glass channel. The movement of the magnetic rod due to the applied forces was tracked by a CCD camera to determine the resulting strain. The stress (rÞ and strain waves (gÞ were then used to calculate the complex dynamic interfacial shear modulus (G*), represented as a combination of an elastic (storage) modulus (G 0 ) and a viscous (loss) modulus (G 00 ),
where G* 5 G 0 1 iG 00 . The respective moduli were calculated using the following:
where u is the phase angle between the stress and strain curves. The bulk solution contribution to the complex dynamic interfacial shear was first measured in the absence of protein by varying the frequency of the sinusoidal current applied to the coils (from 0.011 to 4 Hz) as described in Bantchev and Schwartz. 52 After calibration, 400 mL of protein solution was added to the aqueous phase to obtain a final rhIL1ra concentration of 1 mg mL 21 . The rheology measurement was initiated immediately at 0.125 Hz and was carried out for 14 h. By this time, G 0 and G 00 values reached an apparent asymptotic value, changing by <15% from the start of the plateau, which occurred after 11 h of measurements. Final viscoelastic properties were therefore calculated by averaging G 0 and G 00 values between 11 and 14 h. Before each measurement, the glass channel and rectangular container were cleaned by first rinsing with 2% Micro-90 (International Products Corporation, Burlington, NJ), ultrapure water, ethanol, and hexane. They were then soaked in Nano-stripV R solution for 2 h at 608C to remove any surface contaminants. The rod assembly was cleaned with 2% Micro-90 and rinsed with water. It was then placed in a magnetic coil (0.06 Tesla) for 1 h to magnetize the rod.
To determine any effect from intermolecular disulfide bonding on gels formed at the silicone oilwater interface, the reducing agent TCEP was also added to a final concentration of 6 mM in a separate set of experiments to prevent intermolecular disulfide bond formation. The pH of the solution was adjusted to pH 6.5 with concentrated NaOH. This solution was then added to the glass channel prior to starting the calibration step and the same procedure as described above was followed for interfacial shear rheology measurements.
Thioflavin-T fluorescence to probe for rhIL-1ra intermolecular b-sheet formation To monitor the formation of rhIL-1ra aggregate assemblies in the presence of silicone oil, ThT was used as a marker of intermolecular b-sheet formation. 45, 64 ThT detects mature fibrils with extensively ordered structures. A stock solution of ThT at a concentration of 2.5 mM was prepared in water and protected from light. The solution was passed through a 0.2 mm filter and was stored at 48C. rhIL1ra was added to 12.5 mL SOE to obtain a final concentration of 1.2 mg mL 21 in 10 mM MES pH 6.5 at the desired NaCl concentration. The volume was standardized to 15 mL with the appropriate buffer to achieve a final rhIL-1ra concentration of 1 mg mL 21 at a constant surface area of silicone oil.
Samples were prepared in triplicate and incubated at room temperature. To prevent silicone oil from creaming out of suspension during long incubation times, the samples were placed on a gentle rocking platform (20 tilts/min at 208 angle, Model 200; VWR, Radnor, PA). Three milliliter aliquots from each triplicate vial were removed at each time point of incubation. Using a SLM Aminco Fluorimeter (SLM Instruments, Urbana, IL), samples were excited at 405 nm and emission spectra were recorded in triplicate from 460 to 530 nm. Fluorescence intensities were averaged from 475 to 485 nm to minimize variations due to instrumental noise at 480 nm. Fluorescence measurements were conducted using a front-face cell orientation to minimize effects due to SOE turbidity. Emission spectra were recorded prior to the addition of ThT to establish a baseline. Each triplicate sample was then doped with ThT to achieve a final concentration of 120 mM ThT. Measurements were conducted at room temperature, and samples were equilibrated for 3 min prior to readings.
To ensure that the addition of silicone oil and salt did not affect the excitation or emission spectra of ThT, controls containing 60 and 800 mM NaCl, in 10 mM MES pH 6.5, with and without SOE were incubated for 1 and 24 h on a rocking platform (20 tilts min 21 ). A slight but consistent increase in fluorescence emission intensity was recorded for all samples once 120 mM ThT was added. This increase in fluorescence emission intensity due to the presence of ThT was subtracted from the data. As expected, ionic strength and the presence of SOE did not affect ThT excitation or emission intensity (Fig. S2, Supporting Information) . 65 In addition, controls showing the emission spectra of rhIL-1ra after incubation in 60 and 800 mM NaCl, 10 mM MES pH 6.5 for 24 h, on a rocking platform (20 tilts min
21
), without silicone oil were also measured.
Incubation of protein formulations in PFS
Siliconized glass syringes were cleaned to remove their original silicone oil coating before application of a new silicone oil layer to the bare glass surface to ensure uniform coverage between syringes used in incubation studies. Some syringes used for controls were not resiliconized. To remove the silicone oil coating, syringes were cleaned according to the following procedure. A 2% Micro-90 solution was pipetted in and out of the syringe six times. This was followed by multiple rinses with ultrapure water and then with ethanol. Next, n-hexane (ACS grade; ThermoFisher Scientific) was pipetted in and out of the syringes six times and the syringes were left to air dry. Syringes were then submerged in 608C Nano-stripV R solution for 2 h. The syringe needles stayed out of solution. Syringes were then rinsed with ultrapure water, dried with ethanol and left to air dry. Some syringes were then resiliconized using the "liquid silicone oil" method described in Gerhardt et al. 37 Four millimeter diameter borosilicate glass beads (Sigma-Aldrich, St. Louis, MO) were cleaned, and half of those were siliconized using the same method as the siliconization of the syringes. Two beads, appropriately siliconized or unsiliconized, were added to each syringe prior to filing with protein solution. Dialyzed rhIL-1ra was diluted to 1 mg mL 21 using the appropriate buffer. The 1.35 mL of protein formulation at each ionic strength was then pipetted into the syringe containing two glass beads, and the syringe was stoppered, making sure no air bubbles were present. Triplicate syringes were prepared for each incubation condition at each time point. Half of the siliconized and unsiliconized syringes were rotated end-over-end at 0.05 Hz (3.2 rpm) while the other half was laid horizontally for quiescent incubation at room temperature. At each time point, syringes were unstoppered and the protein solution was retrieved using a thin tip pipette so as to not disturb any protein adsorbed onto the sides of the syringe. Then, 0.8 mL of that protein solution was centrifuged at 20,000g for 1 h to separate the silicone oil and any insoluble protein aggregates from the aqueous phase while the rest was used for microflow imaging measurements. Insoluble protein aggregates formed a pellet at the bottom of the sample tube while silicone oil and any adsorbed rhIL-1ra formed a thin white layer at the top of the sample after centrifugation. Approximately 300 lL of the subnatant was removed from each micro-centrifuge tube for analysis by HPLC.
SE-HPLC was used to detect levels of monomers and soluble aggregates. The mobile phase consisted of 0.1M sodium sulfate, 0.1M sodium phosphate dibasic, and 0.1 g L 21 sodium azide at pH 6.8. Fifty microliter of each sample was injected in triplicate at a flow rate of 0.5 mL min 21 for 40 min on a TSK-GEL G3000SW xL column with a guard column (Tosoh Biosciences, Montgomeryville, PA). The absorbance was monitored at 280 nm for the duration of the experiment. Agilent software was then used to calculate the area under each peak.
Flow Imaging Microscopy
A flow imaging microscopy instrument (Benchtop FlowCAM; Fluid Imaging Technologies Yarmouth, ME) was used to visualize particles 2 mm formed due to incubation in siliconized and unsiliconized syringes. The 0.2 mL sample volume taken from the incubation study in syringes was injected at a 0.08 mL/min flow rate through a FC100 flow cell mounted with a 103 objective. The flash duration was set such that the average intensity mean of the image was between 155 and 160. Images of the observed particles were recorded.
Statistical Analysis
JMP statistical software (SAS Institute, Cary, NC) was used to fit a Langmuir isotherm to the surface coverage data recorded. The software minimized the mean squared error of a nonlinear model with a two-parameter fit.
